
The Emergence of Bacterial “Hopeful Monsters”

Nicholas J. Croucher,a Keith P. Klugmanb

Department of Infectious Disease Epidemiology, Imperial College London, St. Mary’s Campus, London, United Kingdoma; Bill and Melinda Gates Foundation, Seattle,
Washington, USAb

ABSTRACT The global spread of antibiotic-resistant bacteria has largely been driven by the dissemination of successful lineages. A
particularly important example is sequence type (ST) 258 of Klebsiella pneumoniae, a common cause of health care-associated
infections. Representatives of this lineage carry a variable array of plasmid-borne resistance genes, typically including a carbap-
enemase effective against the full range of clinically important �-lactams. In their recent mBio article, Chen et al. [mBio 5(3):
e01355-14] described how ST258 emerged through “hybridization” between two other strains, with a second recombination re-
sulting in the diversification of a key antigen. This commentary describes the findings in the context of other examples where
saltational evolution has resulted in the sudden emergence of important pathogenic bacteria.

Growing concern about the future effectiveness of antibiotics
was recently highlighted by the publication of the World

Health Organization’s first global report on the distribution of
antimicrobial resistance (1). At the heart of this crisis are Klebsiella
pneumoniae strains harboring carbapenemases, which have
spread worldwide and were found to constitute the majority of
K. pneumoniae clinical isolates in some regions (1). As infection
with carbapenem-resistant K. pneumoniae is associated with high
rates of mortality, above those from disease caused by
carbapenem-susceptible strains, the dissemination of these bacte-
ria is a clear threat to public health (2).

Although multiple carbapenem-resistant K. pneumoniae
strains have been identified, the most commonly sampled se-
quence type (ST) worldwide is ST258 (2). Recent genomic analysis
of 85 K. pneumoniae ST258 isolates from the United States found
them not to have descended from a single resistant common an-
cestor, but instead to represent two clades, each having apparently
acquired resistance on multiple occasions independently of one
another (3). Clade 1 was generally associated with the carbapen-
emase allele KPC-2, whereas clade 2 tended to carry KPC-3, both
of which were carried on Tn4401-type transposons. These trans-
posons were in turn inserted into plasmids, which also carried a
diverse set of further antibiotic resistance genes. Isolates in the two
separate clades were also distinguished by at least 310 single nu-
cleotide polymorphisms (SNPs), which were concentrated within
a 215-kb “region of divergence” that included the capsule polysac-
charide synthesis (cps) genomic island.

One key finding of a fascinating mBio paper by Chen and col-
leagues (4) was how this substantial difference between the two
clades appears to have arisen through a large recombination. This
was established through sequencing an ST258 clade 1 strain and a
representative of K. pneumoniae ST42, which had been suggested
to have similar cps loci by previous genotyping (3). Alignment of
these genomes identified a region of near identity between them,
containing just two SNPs, which spanned the cps locus. This ex-
change of sequence introduced almost 90% of the SNPs in the
“region of divergence” that differentiated the two clades of ST258.
Hence, at some point in ST258’s history, one isolate appears to
have acquired a novel cps island as part of a ~52-kb recombina-
tion, likely from an ST42 donor. The recombinant generated by
this event then gave rise to clade 1, which consequently produced
a different capsule polysaccharide than the existing ST258 isolates
of clade 2.

Over 70 different K. pneumoniae capsule polysaccharide, or K
antigen, types are known (3), and recombinations affecting the cps
locus may be an important mechanism by which lineages diversify
their antigenic profile in response to immune-mediated selection
pressures. Similarly, in the Gram-positive commensal and patho-
gen Streptococcus pneumoniae, over 90 different capsule polysac-
charide types have been characterized (5). Recombinations at the
pneumococcal cps locus (6), typically of a similar size as those
observed in K. pneumoniae (7), have driven capsule “switching”
that has resulted in some lineages evading the polysaccharide con-
jugate vaccine (8). The emergence of lineages having undergone
such switching has not been observed so frequently following the
introduction of similar vaccines against Neisseria meningitidis, but
nevertheless cases of disease have been caused by a “hyperinva-
sive” lineage having apparently evaded the vaccine through cap-
sule switching (9). Similarly, in Streptococcus agalactiae, a “hyper-
virulent” strain was found to have switched capsule through a
35.5-kb recombination spanning the cps locus, raising concerns
about such replacements complicating future vaccine develop-
ment targeting this antigen (10). Recombination has also been
observed to be important in altering other similar surface struc-
tures that might be under immune selection: pneumococcal anti-
genic proteins are frequently affected by homologous recombina-
tion events (7), horizontal exchange of sequence has made an
important contribution to the distribution of the Vibrio cholerae
O-antigen lipopolysaccharide component across the species (11),
and recombinations spanning the ~10-kb “cell wall protein” locus
of Clostridium difficile have altered the type of paracrystalline
S-protein layer produced by these cells (12).

A second important observation in the paper by Chen and
colleages (4) was the identification of an even larger recombina-
tion event originally giving rise to the K. pneumoniae ST258 strain.
This required comparisons with two other sequence types:
K. pneumoniae ST11, which shares six of seven multilocus se-
quence typing loci (all except tonB) with ST258, and ST442, which
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differs from ST258 at the tonB sequence typing locus by only a
single SNP. The ST258 genome was found to be closely related to
ST11 across ~80% of its length; however, the remaining ~1.1 Mb
(including the cps locus) was highly similar to the ST442 represen-
tative. Hence, K. pneumoniae ST258 is likely a “hybrid” generated
through an ST11-like strain acquiring a single large segment of
sequence from an ST442-like donor. However, ST258’s acquisi-
tion of carbapenemase appears to have been an independent, sub-
sequent event distinct from this exchange.

“Hybridization” between two parental strains has been ob-
served to drive the emergence of other important pathogen geno-
types. The methicillin-resistant Staphylococcus aureus ST239 lin-
eage represents a similar case, in which approximately 20% of the
sequence appears to represent the transfer of a single large
genomic fragment from a donor distantly related to the likely
parental strain, an event that preceded ST239’s acquisition of
�-lactam resistance (13). Similar proportions of the Salmonella
enterica serovar Typhi and S. enterica serovar Paratyphi A ge-
nomes are likely to have been exchanged between these serovars at
some point in their recent evolutionary history (14). This latter
horizontal transfer event appears to have involved multiple frag-
ments, which is also characteristic of large-scale recombination in
other species. For instance, the exchange of numerous large seg-
ments of sequence is observed in clinical isolates of S. agalactiae,
frequently affecting the cps locus; this has been suggested to occur
through conjugation, found to be an efficient mechanism of se-
quence transfer between members of this species in vitro (15). A
similar mechanism, or homologous recombination, was sug-
gested as an explanation for the large-scale exchange of sequence
observed in the diversification of the C. difficile 017 ribotype (16).
In S. pneumoniae, transformation is the most likely mechanism by
which large-scale transfer of sequence is observed. Again, the re-
combinations affecting the cps locus are temporally associated
with the cotransfer of other noncontiguous loci (17, 18). In in-
stances where it has been possible to identify the likely source of
the sequence, such as in the emergence of some multidrug-
resistant lineages, it appears that these sudden changes again
might be considered a “hybridization” event in which DNA from
a single donor is integrated at multiple sites around the chromo-
some (19).

As KPC-encoding genes are found on mobile elements, their
association with particular lineages of K. pneumoniae suggests that
the genetic background in which they are found may contribute
significantly to the fitness of the resistant phenotype. While the
antibiotic resistance profile of K. pneumoniae ST258 seems to have
been relatively plastic, owing to the variable complement of plas-
mids, the chromosome appears to have recently diversified pri-
marily through two discrete recombination events affecting the
cps locus. The first, larger event was substantial enough for the
ST258 recombinant progeny to be considered a lineage distinct
from the parental strains, while the second smaller exchange dis-
tinguishes the two clades within the lineage. It may be that in both
cases selection acting at the cps locus is the most important factor,
and the variation in the quantity of cotransferred sequence simply
reflects the intrinsic heterogeneity in the mechanism of horizontal
sequence transfer (18). Alternatively, it may be that multiple ben-
eficial loci were exchanged in the larger recombination, akin to a
haploid version of “hybrid vigor,” accounting for the subsequent
success of ST258. While it seems likely that many of the progeny of
such “hybridization” events are unsuccessful and never observed,

at least some seem to emerge as “hopeful monsters” (20). This
saltational form of evolution means there is considerable potential
for public health threats to be generated suddenly in a manner that
is hard to predict, necessitating effective surveillance measures to
monitor the emergence of bacteria resistant to key antibiotics or
able to evade vaccines designed to target specific bacterial proteins
or carbohydrates.

REFERENCES
1. World Health Organization. 2014. Antimicrobial resistance: global re-

port on surveillance. WHO Press, Geneva, Switzerland.
2. Munoz-Price LS, Poirel L, Bonomo RA, Schwaber MJ, Daikos GL,

Cormican M, Cornaglia G, Garau J, Gniadkowski M, Hayden MK,
Kumarasamy K, Livermore DM, Maya JJ, Nordmann P, Patel JB,
Paterson DL, Pitout J, Villegas MV, Wang H, Woodford N, Quinn JP.
2013. Clinical epidemiology of the global expansion of Klebsiella pneu-
moniae carbapenemases. Lancet Infect. Dis. 13:785–796. http://
dx.doi.org/10.1016/S1473-3099(13)70190-7.

3. Deleo FR, Chen L, Porcella SF, Martens CA, Kobayashi SD, Porter AR,
Chavda KD, Jacobs MR, Mathema B, Olsen RJ, Bonomo RA, Musser
JM, Kreiswirth BN. 2014. Molecular dissection of the evolution of
carbapenem-resistant multilocus sequence type 258 Klebsiella pneu-
moniae. Proc. Natl. Acad. Sci. U. S. A. 111:4988 – 4993. http://dx.doi.org/
10.1073/pnas.1321364111.

4. Chen L, Mathema B, Pitout JD, DeLeo FR, Kreiswirth BN. 2014.
Epidemic Klebsiella pneumoniae ST258 is a hybrid strain. mBio 5(3):
e01355-14.

5. Bentley SD, Aanensen DM, Mavroidi A, Saunders D, Rabbinowitsch E,
Collins M, Donohoe K, Harris D, Murphy L, Quail MA, Samuel G,
Skovsted IC, Kaltoft MS, Barrell B, Reeves PR, Parkhill J, Spratt BG.
2006. Genetic analysis of the capsular biosynthetic locus from all 90 pneu-
mococcal serotypes. PLoS Genet. 2:e31. http://dx.doi.org/10.1371/
journal.pgen.0020031.

6. Coffey TJ, Dowson CG, Daniels M, Zhou J, Martin C, Spratt BG,
Musser JM. 1991. Horizontal transfer of multiple penicillin-binding pro-
tein genes, and capsular biosynthetic genes, in natural populations of
Streptococcus pneumoniae. Mol. Microbiol. 5:2255–2260. http://
dx.doi.org/10.1111/j.1365-2958.1991.tb02155.x.

7. Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J, van der Linden
M, McGee L, von Gottberg A, Song JH, Ko KS, Pichon B, Baker S, Parry
CM, Lambertsen LM, Shahinas D, Pillai DR, Mitchell TJ, Dougan G,
Tomasz A, Klugman KP, Parkhill J, Hanage WP, Bentley SD. 2011.
Rapid pneumococcal evolution in response to clinical interventions. Sci-
ence 331:430 – 434. http://dx.doi.org/10.1126/science.1198545.

8. Croucher NJ, Finkelstein JA, Pelton SI, Mitchell PK, Lee GM, Parkhill
J, Bentley SD, Hanage WP, Lipsitch M. 2013. Population genomics of
post-vaccine changes in pneumococcal epidemiology. Nat. Genet. 45:
656 – 663. http://dx.doi.org/10.1038/ng.2625.

9. Snape MD, Pollard AJ. 2005. Meningococcal polysaccharide-protein
conjugate vaccines. Lancet Infect. Dis. 5:21–30. http://dx.doi.org/10.1016/
S1473-3099(04)01251-4.

10. Bellais S, Six A, Fouet A, Longo M, Dmytruk N, Glaser P, Trieu-Cuot
P, Poyart C. 2012. Capsular switching in group B streptococcus CC17
hypervirulent clone: a future challenge for polysaccharide vaccine devel-
opment. J. Infect. Dis. 206:1745–1752. http://dx.doi.org/10.1093/infdis/
jis605.

11. Chun J, Grim CJ, Hasan NA, Lee JH, Choi SY, Haley BJ, Taviani E, Jeon
YS, Kim DW, Lee JH, Brettin TS, Bruce DC, Challacombe JF, Detter JC,
Han CS, Munk AC, Chertkov O, Meincke L, Saunders E, Walters RA,
Huq A, Nair GB, Colwell RR. 2009. Comparative genomics reveals
mechanism for short-term and long-term clonal transitions in pandemic
Vibrio cholerae. Proc. Natl. Acad. Sci. U. S. A. 106:15442–15447. http://
dx.doi.org/10.1073/pnas.0907787106.

12. Dingle KE, Didelot X, Ansari MA, Eyre DW, Vaughan A, Griffiths D,
Ip CLC, Batty EM, Golubchik T, Bowden R, Jolley KA, Hood DW,
Fawley WN, Walker AS, Peto TE, Wilcox MH, Crook DW. 2013.
Recombinational switching of the Clostridium difficile S-layer and a novel
glycosylation gene cluster revealed by large-scale whole-genome sequenc-
ing. J. Infect. Dis. 207:675– 686. http://dx.doi.org/10.1093/infdis/jis734.

13. Holden MT, Lindsay JA, Corton C, Quail MA, Cockfield JD, Pathak S,

Commentary

2 ® mbio.asm.org July/August 2014 Volume 5 Issue 4 e01550-14

http://dx.doi.org/10.1016/S1473-3099(13)70190-7
http://dx.doi.org/10.1016/S1473-3099(13)70190-7
http://dx.doi.org/10.1073/pnas.1321364111
http://dx.doi.org/10.1073/pnas.1321364111
http://dx.doi.org/10.1371/journal.pgen.0020031
http://dx.doi.org/10.1371/journal.pgen.0020031
http://dx.doi.org/10.1111/j.1365-2958.1991.tb02155.x
http://dx.doi.org/10.1111/j.1365-2958.1991.tb02155.x
http://dx.doi.org/10.1126/science.1198545
http://dx.doi.org/10.1038/ng.2625
http://dx.doi.org/10.1016/S1473-3099(04)01251-4
http://dx.doi.org/10.1016/S1473-3099(04)01251-4
http://dx.doi.org/10.1093/infdis/jis605
http://dx.doi.org/10.1093/infdis/jis605
http://dx.doi.org/10.1073/pnas.0907787106
http://dx.doi.org/10.1073/pnas.0907787106
http://dx.doi.org/10.1093/infdis/jis734
mbio.asm.org


Batra R, Parkhill J, Bentley SD, Edgeworth JD. 2010. Genome sequence
of a recently emerged, highly transmissible, multi-antibiotic- and
antiseptic-resistant variant of methicillin-resistant Staphylococcus aureus,
sequence type 239 (TW). J. Bacteriol. 192:888 – 892. http://dx.doi.org/
10.1128/JB.01255-09.

14. Didelot X, Achtman M, Parkhill J, Thomson NR, Falush D. 2007. A
bimodal pattern of relatedness between the Salmonella Paratyphi A and
Typhi genomes: convergence or divergence by homologous recombina-
tion? Genome Res. 17:61– 68. http://dx.doi.org/10.1101/gr.5512906.

15. Brochet M, Rusniok C, Couvé E, Dramsi S, Poyart C, Trieu-Cuot P,
Kunst F, Glaser P. 2008. Shaping a bacterial genome by large chromo-
somal replacements, the evolutionary history of Streptococcus agalactiae.
Proc. Natl. Acad. Sci. U. S. A. 105:15961–15966. http://dx.doi.org/
10.1073/pnas.0803654105.

16. He M, Sebaihia M, Lawley TD, Stabler RA, Dawson LF, Martin MJ,
Holt KE, Seth-Smith HM, Quail MA, Rance R, Brooks K, Churcher C,
Harris D, Bentley SD, Burrows C, Clark L, Corton C, Murray V, Rose
G, Thurston S, van Tonder A, Walker D, Wren BW, Dougan G, Parkhill
J. 2010. Evolutionary dynamics of Clostridium difficile over short and long

time scales. Proc. Natl. Acad. Sci. U. S. A. 107:7527–7532. http://
dx.doi.org/10.1073/pnas.0914322107.

17. Golubchik T, Brueggemann AB, Street T, Gertz RE, Jr, Spencer CC, Ho
T, Giannoulatou E, Link-Gelles R, Harding RM, Beall B, Peto TE,
Moore MR, Donnelly P, Crook DW, Bowden R. 2012. Pneumococcal
genome sequencing tracks a vaccine escape variant formed through a
multi-fragment recombination event. Nat. Genet. 44:352–355. http://
dx.doi.org/10.1038/ng.1072.

18. Mostowy R, Croucher NJ, Hanage WP, Harris SR, Bentley S, Fraser C.
2014. Heterogeneity in the frequency and characteristics of homologous
recombination in pneumococcal evolution. PLoS Genet. 10:e1004300.
http://dx.doi.org/10.1371/journal.pgen.1004300.

19. Wyres KL, Lambertsen LM, Croucher NJ, McGee L, von Gottberg A,
Liñares J, Jacobs MR, Kristinsson KG, Beall BW, Klugman KP, Parkhill
J, Hakenbeck R, Bentley SD, Brueggemann AB. 2012. The multidrug-
resistant PMEN1 pneumococcus is a paradigm for genetic success. Ge-
nome Biol. 13:R103. http://dx.doi.org/10.1186/gb-2012-13-11-r103.

20. Goldschmidt R. 1933. Some aspects of evolution. Science 78:539 –547.
http://dx.doi.org/10.1126/science.78.2033.539.

The views expressed in this Commentary do not necessarily reflect the views of this journal or of ASM.

Commentary

July/August 2014 Volume 5 Issue 4 e01550-14 ® mbio.asm.org 3

http://dx.doi.org/10.1128/JB.01255-09
http://dx.doi.org/10.1128/JB.01255-09
http://dx.doi.org/10.1101/gr.5512906
http://dx.doi.org/10.1073/pnas.0803654105
http://dx.doi.org/10.1073/pnas.0803654105
http://dx.doi.org/10.1073/pnas.0914322107
http://dx.doi.org/10.1073/pnas.0914322107
http://dx.doi.org/10.1038/ng.1072
http://dx.doi.org/10.1038/ng.1072
http://dx.doi.org/10.1371/journal.pgen.1004300
http://dx.doi.org/10.1186/gb-2012-13-11-r103
http://dx.doi.org/10.1126/science.78.2033.539
mbio.asm.org

	The Emergence of Bacterial “Hopeful Monsters”
	REFERENCES


